1 Neutrophil accumulation is a characteristic feature of the inflammatory response in myocardial tissue which has undergone a period of ischaemia. The aim of this study was to examine whether inhibition of myocardial neutrophil infiltration, using an antibody to the CD18 leukocyte adhesion molecule, was effective in reducing infarct size in anaesthetized rabbits. 2 Anaesthetized rabbits underwent coronary artery occlusion (CAO) for periods of 30 or 45 min followed by reperfusion for 3 h. Animals were treated intravenously 10 min prior to reperfusion with IB4, a monoclonal antibody to CD18 (1 mg kg-') or saline (1 ml kg-'). In one group undergoing 45 min CAO, a control antibody, OKMI (1 mg kg-') was given. 3 Following either 30 or 45 min of CAO, administration of IB4 resulted in a <75% inhibition in neutrophil accumulation in the area at risk myocardium (AR) compared with control animals. 4 With the 30 min occlusion period, IB4 significantly reduced myocardial infarct size, 27.2 ± 3.2% vs 67.4 ± 5.6% in the saline control group (n = 5 P <0.01). In contrast, IB4 did not reduce infarct size following a 45 min period of ischaemia. 5 In the same animals administration of IB4 significantly inhibited oedema formation in skin elicited by intradermal administration of the neutrophil chemoattractant f-Met-Leu-Phe, but had no effect on coronary microvascular plasma protein leakage in the AR. 6 Our results indicate that infiltrating neutrophils exacerbate tissue injury following a relatively short, 30 min period of myocardial ischaemia in the rabbit. However, protection with IB4 was no longer seen if the period of CAO was extended to 45 min. The results in this model suggest neutrophils are not a major determinant of tissue injury following more than a very short period of ischaemia.
Introduction
It is well established that neutrophil infiltration is a characteristic feature of myocardial infarcts (Mallory et al., 1939) . More recently it has been reported in a number of experimental studies that myocardial infarct size is reduced by interventions which deplete circulating neutrophils (Romson et al., 1983; Mullane et al., 1984) . Protection has also been observed by use of other agents such as ibuprofen and prostacyclin, which suppress neutrophil infiltration into infarcted myocardium (Romson et al., 1982; Simpson et al., 1987) . As a result of these studies it has been suggested that neutrophils may extend the area of tissue damage through injury of viable myocytes. However, in some studies no myocardial protection was observed using anti-neutrophil interventions such as ibuprofen or leukocyte filters (Reimer et al., 1985; Chatelain et al., 1987) and consequently there is still controversy over this hypothesis.
An essential prerequisite for neutrophil accumulation at sites of inflammation is an initial adherence of the leukocytes to the endothelium, which involves the expression of adhesion molecules on the surface of both cell types. In the case of leukocytes the CDll/CD18 P2 integrins have been implicated in this process (Harlan et al., 1985; Lo et al., 1989) . Monoclonal antibodies to the leukocyte CD18 antigen have been shown to inhibit neutrophil accumulation at sites of inflammation (Arfors et al., 1987) . We have previously shown that pretreatment of "'In-neutrophils with a monoclonal antibody to the CD18 adhesion molecule, significantly reduces their accumulation in skin sites injected with chemoattractants (Nourshargh et al., 1989) and in ischaemic/reperfused rabbit myocardium (Williams et al., 1990) . In this study we have examined the effect of systemic administration of IB4, a monoclonal antibody to CD18 (Wright et al., 1983) , on myocardial infarct size in anaesthetized rabbits using two different periods of ischaemia.
Methods
Coronary artery occlusion and reperfusion New Zealand White rabbits, anaesthetized with intravenously administered sodium pentobarbitone (60 mg kg-') were used for this study. The trachea was cannulated to allow positive pressure ventilation with room air. Arterial blood pressure was monitored from a cannula in the carotid artery and a lead I electrocardiogram (ECG) from subcutaneous limb leads. The heart was exposed by a left thoracotomy at the 5th intercostal space. A silk ligature was positioned around a branch of the left main coronary artery and both ends passed through a short length of polythene tubing. Following a stabilisation period of 15 min, the coronary artery was occluded by pulling on the suture and clamping the ends against the tubing. After a period of either 30 or 45 min coronary artery occlusion (CAO), tension on the ligature was released to allow reperfusion of the myocardium for a further 3 h. At the end of this time, 500 units of heparin was administered intravenously as an anti-coagulant. The experiment was then terminated by anaesthetic overdose. The heart was rapidly removed and cannulated via the aorta to allow retrograde perfusion of the coronary circulation. Ltd, 1994 was reoccluded with the original ligature and the heart perfused with Monastral blue dye to stain the normal myocardium. Small samples of myocardium were taken from the normal zone (NZ) and area at risk (AR) and stored at -20'C prior to assay for myeloperoxidase as an index of neutrophil accumulation. The rest of the heart was frozen prior to staining for infarct size (Thornton et al., 1990) .
Measurement of infarct size
The heart, while still frozen was sectioned transversely into 2 mm thick slices from apex to base. Each slice was weighed and traced onto transparency film, carefully demarcating normal (stained with Monastral blue) and ischaemic (unstained) regions. The heart sections were then incubated, in the dark in 1% triphenyltetrazolium chloride (TTC) in phosphatebuffered saline (PBS, pH 7.4) for 30 min at 370C. The viable tissue stained dark red while the infarcted tissue appeared pale brown. This differential staining was enhanced by storing the heart in 1% formalin overnight. The slices were subsequently retraced to delineate the regions of viable and infarcted tissue. Computerised planimetry was used to determine the areas of risk and infarction on each slice. Measurement of AR and infarct areas were carried out blind.
Measurement of myeloperoxidase concentration
Measurement of myeloperoxidase (MPO) activity was carried out according to a previously described method (Rubin et al., 1990) . Myocardial samples were weighed and then homogenized in 0.02 M NaPO4 buffer (pH 4.7) containing 0.1 M NaCI and 0.015 M Na2EDTA. Homogenates were centrifuged at 20,000 g for 15 min at 4°C and the supernatant, containing the majority of the haemoglobin, discarded. The pellets were homogenized a second time in 0.05 M NaPO4 with 0.5% hexadecyltrimethylammonium-bromide (HETAB) and freeze/ thawed in liquid nitrogen three times. After a second centrifugation at 20,000 g for 15 min at 4°C, the supernatant containing the majority of the MPO was taken for assay. This was carried out using the following: 1.6 mM tetramethylbenzidine, 0.3% H202, 12% dimethyl formamide and 40% Dulbecco's PBS made up in 0.08 M NaPO4, pH 5.4. The change in absorbance was measured at 690 nm. One unit of MPO was defined as the amount of enzyme reducing 1 pmol of H202 min-'.
Measurement ofplasma protein leakage in myocardial tissue and skin Plasma protein leakage was measured as the local accumulation of intravenously administered 251I-labelled albumin (5 PCi), given 10 min prior to coronary artery occlusion. Samples of myocardium were taken from the NZ and the AR, weighed and the radioactivity measured in a gamma counter.
The effect of treatment with IB4 was also examined on plasma protein leakage in skin, following intradermal injection of f-Met-Leu-Phe (FMLP) and bradykinin in the same animals. These two inflammatory mediators cause plasma exudation through mechanisms which are neutrophil-dependent and neutrophil-independent respectively (Wedmore & Williams, 1981) . The mediators were injected in a volume of 0.1 ml into the shaved flank of the rabbit, just after reperfusion. Treatments were given in replicates of six. FMLP was given at a dose of 5 x 10-"I mol per site and bradykinin at a dose of 1 x 1010 mol per site. Control sites received saline. At the end of the experiment, a blood sample was taken for preparation of plasma. The skin was removed and the injection sites excised with a 17 mm punch. Plasma Drug treatment IB4 is a murine IgG2 monoclonal antibody directed against an epitope on the common P-chain (CD18) of the leukocyte adhesion complex (Wright et al., 1983) and has been shown to bind to rabbit neutrophils (Tuomanen et al., 1989) . The antibody was administered intravenously at a dose of 1 mg kg-' since this dose has been shown to suppress neutrophil accumulation in rabbit skin elicited by zymosan-activated serum (Lundberg & Wright, 1990) . In order to investigate if the deleterious effects of neutrophils were exerted during the reperfusion phase, treatment was administered 10 min before the end of the occlusion period. The effect of IB4 on infarct size was compared following CAO for 30 (n = 5) or 45 min (n = 6). Control animals received 1 ml kg-' saline (n = 5, 30 min CAO or n = 6, 45 min CAO). One group of animals undergoing 45 min CAO was treated with a control antibody, OKM1 (1 mg kg-', i.v., n = 7). OKM1 is also a murine IgG2 antibody but it binds to CDl lb on the leukocyte surface without inhibiting binding of these cells to endothelial cells (Wallis et al., 1986) . Animals were assigned randomly to control or treatment groups.
Measurement of circulating neutrophil numbers
Arterial blood samples were taken into 0.01 M EDTA at the following time points: pre-occlusion, prior to antibody administration and at 60, 120 and 180 min of reperfusion. The total leukocyte count and the % of neutrophils present were determined with a haemocytometer and by differential staining respectively. From these values the number of circulating neutrophils was calculated. 
Data analysis
Results are expressed as the mean ± s.e.mean of n observations. Statistical analysis was carried out by analysis of variance.
Results
Occlusion of the left main coronary artery was confirmed by changes in the colour of the distal portion of the artery and of the epicardial surface. Characteristic alterations in the ECG, which are indicative of myocardial ischaemia, were seen in all animals. Of the 29 animals that entered the study, two suffered irreversible ventricular fibrillation during CAO (one each in the saline and OKM1 groups) and one animal receiving OKM 1 developed profound hypotension during reperfusion.
Myeloperoxidase measurements
In control animals receiving saline, CAO for either a 30 or 45 min period followed by 3 h of reperfusion, resulted in a marked increase in the concentration of myeloperoxidase activity in AR myocardium compared with the NZ (Figure  1 ). This increase in MPO activity in the AR was not affected by administration of the control antibody, OKM1. However, administration of IB4 resulted in a substantial and significant 
Myocardial infarct size
The AR was expressed as a % of the area of the left ventricle and infarct size was expressed as a % of the AR. Following the 30 min period of CAO, IB4 significantly reduced myocardial infarct size, 27.2 ± 3.2% compared with the saline control group, 67.4 ± 5.6% (Figure 2 , n = 5, P<0.01). There was no difference in the size of the AR for these two groups, 38.9 ± 3.4 and 32.0 ± 4.0% respectively. In contrast, infarct size resulting from a 45 min period of CAO, was not significantly reduced by the administration of IB4, 58.3 ± 6.7% (n = 6) compared with that of animals receiving either saline, 81.8 ± 8.7% (n = 5) or the control antibody, OKM1, 73.6 ± 7.3% (n = 5, Figure 2 ). The AR in the IB4 group, 59.9 + 6.3% did not differ from that in the OKM1, 53.9 + 7.9% and saline-treated groups, 46.8 ± 7.6%.
Plasma protein leakage in ischaemic/reperfused myocardium
In the control group, myocardial plasma volume increased by 254% from 54.6 ± 7.0 pl g-' in the NZ to 192.7 ± 25.3 fil g-I in the AR (P <0.01, n = 5, Figure 3a ) following a period of 30 min CAO and 3 h reperfusion. Administration of IB4 had no effect on this oedema formation (Figure 3) (Figure 3b , n = 5, P<0.01). The values in the IB4-treated group were indistinguishable from those in saline-injected sites. In contrast, plasma protein leakage in response to the directly-acting mediator, bradykinin was unaffected by administration of IB4. Blood pressure and heart rate measurements Blood pressure and heart rate measurements for the control and treated groups are shown in Table 2 . Neither of these parameters was altered during the course of the experiment in any of the treatment groups with the exception of heart rate in one of the control groups, which was significantly lower at 3 h of reperfusion.
Incidence of ventricular arrhythmias
Ventricular ectopic beats were observed in most rabbits during either CAO or reperfusion, although the incidence of the more severe arrhythmias was low in all groups. There was no significant difference in the incidence of arrhythmias in any of the treatment groups.
Discussion
In this study we have examined the effect of administration of an antibody to the leukocyte CD18 adhesion molecule on both neutrophil accumulation and infarct size following myocardial ischaemia and reperfusion. In addition, we have also examined whether the outcome of this intervention is dependent on the duration of the ischaemic period. Measurement of MPO activity is well established as a method for the quantification of neutrophil accumulation in myocardial tissue (Bednar et al., 1985; Mullane et al., 1985) . In saline-treated rabbits both the 30 and 45 min periods of CAO resulted in a substantial increase in the MPO concentration in the AR, indicating neutrophil accumulation. Whilst the control antibody, OKM1 did not affect the increase in MPO concentration, administration of IB4 resulted in a marked suppression of this response following both ischaemic periods. Administration of IB4 did not, however, affect the number of circulating neutrophils. The small residual increase in MPO activity in IB4-treated animals may reflect non-specific trapping of neutrophils.
Administration of IB4 towards the end of the 30 min period of CAO also resulted in a significant reduction in myocardial infarct size, suggesting that infiltrating neutrophils have a deleterious effect on reperfused tissue. When activated, neutrophils release proteolytic enzymes and free radicals (Weiss, 1989) (Romson et al., 1983; Jolly et al., 1986; Simpson et al., 1988a) it was ineffective in others (Jolly et al., 1986; Chatelain et al., 1987) . Administration of monoclonal antibodies to leukocyte adhesion molecules has likewise been reported to reduce infarct size in some studies (Simpson et al., 1988b; Ma et al., 1991) ; however, Tanaka et al. (1993) recently reported that IB4 was ineffective in a canine model of acute myocardial infarction. The majority of these studies were carried out using dogs which have a relatively high, but variable, component of collateral blood flow in the myocardium. The absence of measurements of myocardial blood flow in many of these studies has been suggested as a possible reason for the contradictory results reported in the literature (Reimer et al., 1989) since there could be differences in the level of collateral blood flow in control and treated groups. This was not considered to be a problem in our study since rabbits have been shown to have negligible coronary collateral blood flow (Maxwell et al., 1987 protection was reported with anti-neutrophil interventions were characterized by a shorter duration of coronary artery occlusion (Litt et al., 1989; de Lorgeril et al., 1989; Simpson et al., 1990) , compared with most of those reporting no effect (Reimer et al., 1985; Chatelain et al., 1987) . Furthermore, Jolly et al. (1986) have previously reported that protection with anti-neutrophil antiserum in a canine model of acute myocardial infarction was lost when the duration of ischaemia was extended from 90 min to 4 h. Thus, there appears to be a difference between dogs and rabbits regarding the duration of ischaemia which can be tolerated. In species such as dogs in which there is a relatively high collateral blood flow, it is likely that the window of opportunity for use of antineutrophil interventions will be longer than in those with low collateral flow such as rabbits.
In most of the studies carried out using anti-neutrophil interventions, including that of Jolly et al. (1986) , treatment was instituted prior to CAO. An important feature of our study is that administration of IB4 was made towards the end of the ischaemic period. Protection afforded by IB4 therefore appears to be exerted during the reperfusion period. Treatment just prior to reperfusion has also been shown to reduce myocardial infarct size in cats following administration of an anti-CD18 antibody (Ma et al., 1991) and in dogs with anti-leukocyte filters (Litt et al., 1989) .
Administration of IB4 completely inhibited plasma protein leakage in response to intradermal injection of the neutrophil-dependent mediator FMLP whilst that elicited by bradykinin, a neutrophil-independent mediator, was unaffected. However, IB4 treatment did not reduce the oedema formation seen in the AR myocardium. This is in agreement with previous findings with this model, in which depletion of circulating neutrophils using either a polyclonal anti-neutrophil serum or a nitrogen mustard was found to be ineffective in reducing oedema formation in ischaemic/reperfused myocardium (Williams et al., 1990) . This oedema formation appears therefore to be due either to the release of neutrophil-independent mediators of increased microvascular permeability, or to direct injury to the vascular endothelium.
In conclusion, we have found that administration of IB4 prior to reperfusion significantly reduces myocardial infarct size following 30 min coronary artery occlusion in the anaesthetized rabbit. However, this protective action was lost when a longer 45 min occlusion period was used. This suggests that infiltrating neutrophils do exacerbate myocardial tissue injury following ischaemia and reperfusion but, in terms of potential therapy targeted at the neutrophil, the window of opportunity may be limited to relatively short periods of ischaemia. 
